Introduction
Furanic polymers have been identified among the top potential chemicals from biomass by the US-DOE in 2004 and have gained interest as substitutes for oil-derived polyesters ever since. [1] In particular, polyethylene terephthalate (PET; repeating unit in Figure 1 ), one of the world's most dominant oil-based plastics, can potentially be replaced with 100% bio-based polyethylene furanoate (PEF; repeating unit in Figure 1 ) that has already shown superior material properties. [2] [3] [4] [5] [6] [7] [8] [9] As for most polymers, the molecular weight is a key property, qualifying the material for commercial application. Several companies are developing PEF grades for applications in textiles or to replace PET bottles, requiring number-average (Mn) and weight-average (Mw) average molecular weights of 30,000 g mol -1 and 60,000 g mol -1 respectively. Traditionally, PEF is produced by polycondensation and solid state postcondensation, yielding sufficiently high molecular weights but limited by condensation byproduct removal and thus requiring very long reaction times (in the order of days [3, 4, 6, 7] ).
Alternatively, we have been developing a process based on ring-opening polymerization (ROP), which delivers sufficiently high molecular weight PEF in significantly shorter times without any tedious byproduct removal [10] [11] [12] . The feasibility of intermediate molecular weight
synthesis by ROP has been recently confirmed by Morales-Huerta et al. (2016) [13] .
For both PET and PEF, molecular weight determination is quite problematic due to their insolubility in most common solvents. Hot tetrachloroethane, trifluoroacetic acid (TFA) and hexafluoro-2-propanol (HFIP) are the only suitable solvents for these polymers. Although size exclusion chromatography (SEC) analysis is possible with HFIP, it requires complex HFIP--4 -resistant equipment, highly advanced experimental care, health and safety precautions and continuous HFIP recovery as this solvent is expensive. [14, 15] End-group analysis by NMR is a simple method to measure number-based molecular weight, but is limited to lower molecular weights for which end-groups are still detectable in the NMR spectrum. Therefore, other analytical methods suitable to reliably measure the molecular weight of polyesters such as PET and PEF are urgently needed.
Diffusion ordered spectroscopy (DOSY) nuclear magnetic resonance (NMR), also known as pulsed-gradient spin echo (PGSE) NMR, has been established in recent years as an accurate method to measure the size of colloidal nanocrystals [16, 17] , proteins [18] and polymers [15, 19, 20] .
DOSY NMR applies pulsed field gradients for a spatial labelling of molecules to track their translational motion. In addition to the usual homogeneous magnetic field for 1-dimensional 1 H NMR analysis, DOSY applies a z-dependent field gradient g(z) for a gradient time δ causing the spins to precess with different frequencies, depending on their position in the sample tube. After a diffusion time Δ, their positions can be decoded using an opposite gradient -g(z), which would completely refocus the frequency evolution in the case of a static system, neglecting relaxation [22] . However, since in between the two gradient pulses the molecules are moving due to diffusion, the local field experienced by the spins during the second pulse will not match the first one, which leads to only partial refocusing of the magnetization vectors. Consequently, the resonance signal intensity will be attenuated proportionally to the diffused path of the molecule, and thus to its diffusion coefficient D. The faster the molecules move, the faster their intensity decreases.
Whereas DOSY NMR has been applied to polymers, the weight-average molecular weights
Mw estimated by DOSY and by SEC were only in good agreement when both calibration standards and samples were of the same polymer type, and mostly with a polydispersity of approximately 1 [15, [19] [20] [21] . The respective polymers analyzed in the literature were polystyrene -5 -(PS) ranging from Mw = 9000 to 200000 g mol -1 in benzene-d6 [15] , poly(urea-urethane) copolymers around Mw = 30000 g mol -1 in dichloromethane-d2 [19] , polylactic acid (PLA)
ranging from Mw = 4000 to 33000 g mol -1 in benzene-d6 [20] , and polyethylene oxide ranging from Mw = 1000 to 500000 in D2O [21] . However, PEF is not yet an established polymer and PEF standards are not available. Furthermore, PET and PEF are commonly found with a polydispersity of about 2 as typical of the polymerization mechanisms by which they are produced, polycondensation or living ring-opening polymerization [6, 10, 13, 23] . Mn has so far mostly been assessed by 1 H NMR end-group analysis, which is infeasible for higher molecular weight polymers where end-groups are invisible [15, 20] . Simultaneous characterization of both Mn and Mw of polydisperse polyesters such as PET and PEF using DOSY NMR has not been performed yet, especially not where calibrant and analyte differed.
The aim of this work is to explore the applicability of NMR DOSY to the measurements of PEF molecular weights. The effects of sample preparation with respect to concentration and solvent, calibration with appropriate standards, as well as pulse program features and the associated analysis time, are discussed. The technique was validated by comparing the DOSY-based molecular weight values with those obtained by absolute molecular weight measurements from SEC with MALS (Multiangle Light Scattering).
Methodology
A diffusion coefficient D is derived from DOSY by fitting the signal attenuation as a result of the dislocation of molecules due to diffusion, the spin magnetization vectors of which had previously been labelled through pulse field gradients. The relative attenuation of this signal I/I0 has first been described by Stejskal and Tanner [24] and later generalized for any DOSY pulse program by Sinnaeve [22] . For the double stimulated echo pulse program with monopolar in the literature. [25, 26] Diffusion is mainly affected by temperature, viscosity of the solution and particle size. These effects are summarized by the Stokes-Einstein equation, assuming relatively large and spherical particles at infinite dilution:
where kB is the Boltzmann constant, T the absolute temperature, η the temperature dependent viscosity of the solution and rS the solvodynamic radius of the spherical particle. [26] Since temperature clearly affects the diffusion measurement, a careful temperature control is essential during DOSY. In the case of macromolecules, D is a function of the molecular weight and can be expressed by a modified version of the Mark-Houwink-Sakurada equation
(where randomly coiled spherical chain is assumed): where molecules can diffuse randomly without interaction. [15] DOSY performance, accuracy and reproducibility are mainly defined by the quality of the intensity decay curve. Therefore, as for most analytical techniques, signal-to-noise is an important aspect in DOSY NMR. This signal-to-noise is enhanced by repeated measurements (i.e., several number of scans) for lower sample concentrations, however, at the expense of longer experiment times.
Due to its insolubility in most common solvents, the solvent selection for PET and PEF is limited to quite specific solvents such as HFIP-d2 and TFA-d. HFIP and TFA have higher viscosities (ηHFIP = 1.63 cP, ηTFA = 0.81 cP) compared with the viscosity of, e.g., benzene
(ηBenzene = 0.6 cP). As a consequence, the diffusion time needs to be longer to reach full attenuation at the highest gradient strength, reducing the signal-to-noise due to relaxation.
This presents challenges for samples with low concentrations of high molecular weight polymers, in which case temperature could be exploited to facilitate the measurement.
Experimental Section
All NMR DOSY experiments were recorded on a Bruker Avance III 400 MHz Spectrometer, equipped with a 5 mm PABBO probe head. All NMR samples were equilibrated at the measurement temperature of 298 K for 5 min before data collection. Spinning was deactivated -8 -to avoid convection. Each NMR tube was filled with 0.4 mg mL -1 of polymer in 0.75 mL deuterated solvent. One dimensional (1D) 1 H spectra were acquired with the zg30 pulse
program from the Bruker library. 2D DOSY spectra were acquired using a double stimulated echo sequence ("dstegp2s") for convection compensation and with monopolar gradient pulses [16, 27] . 
Results and Discussion

Calibration and Validation
The diffusion coefficients of PET and PEF polymers can readily be measured in TFA-d by DOSY using standard settings and with optimized diffusion times Δ and gradient lengths δ. Table 1 . Therefore, PET can be used as a calibrant for PEF in DOSY, but not using SEC.
From the corresponding decay curves of known absolute molecular weight PET standards (see supporting information), diffusion coefficients were derived and a calibration curve was established ( Figure 3 ). Since PET standards, similar to PEF products, feature a polydispersity ≈ 2, separate calibration curves for number-average molecular weight, Mn, and weightaverage molecular weight, Mw, are presented in Figure 3 . Recently, Kuz'mina et al. followed a similar approach, assigning different molecular weight averages (Mn, Mw, Mp) of hydroxyethyl starch (HES) to its diffusion coefficient for the analysis of other HES samples of the same type, where the error between DOSY and SEC prediction was below 20%. [28] Calibration using polydisperse samples of one polyester applied to another polyester has not
been reported yet. The obtained curves yield a linear log-log relation of molecular weights to the diffusion coefficient (in accordance with theory, see equation 3) in a range of about 10 to 115 kg mol -1 , covering high molecular weights relevant for bottle and other typical PET applications.
We sought to apply this calibration to unknown PEF and PET samples and validate the analysis method via size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS). First, PET standards with known molecular weights were measured by SEC--11 -MALS and the obtained values matched the specifications of the standards, confirming the accuracy of SEC-MALS (see Table 1 ). Second, commercial PET bottles of different suppliers and unknown PEF samples from our syntheses were measured in both DOSY and SEC-MALS. The average molecular weights (Mn and Mw) were derived from DOSY, using the above calibrations. As shown in Figure 4 and Table 1 , there is an excellent one-to-one correlation between the DOSY and the SEC-MALS data, for all PET standards and unknown PEF and PET samples. This confirms the ability of DOSY to accurately determine Mn and Mw of PEF after calibration with PET standards of known molecular weight. Furthermore, the PET bottles from different suppliers showed the same trend of differences in molecular weight (from 57,000 to 61,000 g mol -1 ) in both SEC-MALS and DOSY, which confirms that DOSY can compete with MALS on resolution.
The PEF samples of different molecular weights were obtained during and after synthesis via Having confirmed the validity of DOSY for molecular weight analysis, the next question was whether the standard analysis parameters and procedure could be optimized. We explored the influence of sample concentration, measurement time, and solvent use. Finally, we discuss some challenges associated with very large molecular weights.
Effect of concentration
In general, DOSY NMR samples should be highly diluted to avoid molecular crowding and Extending the measurement time up to 2 hours by a higher number of scan was unsuccessful to increase the data quality.
Increasing the sample concentration reduces the diffusion coefficient for PEF and PET (Figure 6A ), similar to previous reports on PLA in benzene-d6. [20] Simply applying the earlier and enables molecular weight analysis at various concentrations.
We attribute the concentration dependence of the diffusion coefficient solely to an increase in viscosity rather than molecular crowding. Indeed, the molecular mean squared displacement, z 2 , (equation 4) exhibits a linear trend for all tested concentrations of both PEF and PET samples (Figure 7) . Such linearity indicates the absence of intermolecular interactions and thus an unhindered Gaussian diffusion regime. [29] Therefore, concentrations up to 30 mg mL 
Effect of DOSY time
It is important to understand the governing factors of the DOSY experiment time to achieve reliable results, and to potentially reduce that time for applications where short analysis times -14 - can be as low as 58 seconds, while retaining a high accuracy. Accuracy is expressed as the Mw value estimated at shortened DOSY measurements relative to the value derived from the longest DOSY experiment, i.e. the one with highest signal-to-noise.
Solvent selection -15 -
In order to prove that solvent selection is not influencing the quality of NMR DOSY measurements, we conducted a brief study in HFIP-d2, which features a higher viscosity than TFA-d. For that reason, diffusion is slower and the derived diffusion coefficients are consequently smaller. Figure 10 shows that the calibration in HFIP-d2 results in the same trend of molecular weight predictions for PEF when compared with absolute molecular weight measurements using MALS.
Challenges
The diffusion time ∆ itself affects signal quality since T1 relaxation (the thermodynamic selfequilibration of spins back from the x-y-plane to the z-axis) will reduce the signal proportional to the diffusion time [32] . On the other hand T2 relaxation (dephasing of spins within the x-y-plane) plays a role during the application of the gradient for a time δ. Since both Δ and δ are usually required to be set at high values for slowly diffusing (high molecular weight) molecules, relaxation processes have a profound deteriorating effect on data quality of such samples. [26] Indeed, the largest molecular weight PET standard (Mw = 115,000 g mol temperatures will increase diffusional motion for all molecules, which results in reduced diffusion times required for full signal decay, which in turn will minimize the effect of signal loss due to T1 and T2 relaxation. We further optimized our system for the aromatic ring--16 -protons due to their longer T2 relaxation time compared with the EG-protons, to minimize signal losses due to relaxation. EG-proton spins have a short T2 relaxation time, specifically about 6 times faster than furanic protons of PEF, which leads to partial signal loss in the more time-intensive DOSY experiments. This is evident from the reduced peak area ratio of the EG and furanic protons in the DOSY spectra (Furan:EG ~ 1:1), the measurements of which were more time-intensive, compared with the expected one from standard 1 H NMR spectra (Furan:EG = 1:2, as given by the molecular structure of PEF). 1 H NMR of a PEF sample taken from the ring-opening polymerization reactor. The separated chemical shifts of the furanic unit and the Ethylene Glycol incorporated in the PEF polymer (3a, 4a) and the cyclic monomer (3b, 4b) respectively, can be used for individual molecular weight analysis. and 33,850 g mol -1 (○), respectively. Supporting Information Figure S1 . 1 H NMR spectra for PET and PEF in TFA-d. 
Conclusions
Diffusion (DOSY) 1H NMR as an alternative method for molecular weight determination of polyethylene furanoate (PEF) polyesters
